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Introduction

50
Viral icosahedral capsids are formed from multiple copies of a single or a few types of 51 coat proteins that encapsidate the genome. Because of the symmetry of capsids that have 52 more than 60 coat subunits, genetically identical proteins must assemble into capsid sites 53 with different quasi-equivalent conformations, such that some coat proteins are in hexameric 54 conformations and some are in pentameric conformations [1] . The resulting capsid shells 
117
We report the capsid structure of the phage L virion, and elucidate the mechanism of 
129
probed by site-directed mutagenesis. Our findings reveal that Dec has a novel protein fold
6
As a first step towards understanding the mechanism by which Dec binds to phage L,
136
we determined a near-atomic level resolution structure of native phage L capsids using cryo-137 EM ( Figure 1A ). The resolution of the entire density map was determined to be 4.2 Å (see
138
Supplementary Materials, Figure S1 ). Both the overall protein structure, as well as the 139 specific contact points for attachment of Dec trimers to the coat protein subunits are clearly 140 discernable near quasi-three-fold symmetry axes between hexons. As anticipated from 141 previous studies [17, 18] , Dec very sparsely occupied true three-fold symmetry sites in phage 142 L virions, as there was only a hint of very weak density observed at these positions, and no
143
Dec occupancy was observed at quasi-three-fold sites between hexons and pentons.
144
Segmentation of the Dec density from the virion density map for subsequent analysis was 
150
Structures of the phage L coat lattice and capsid-bound Dec trimers:
151
As an initial guide for accurately fitting the phage L coat protein into the cryo-EM 152 density, we used the most recently deposited structure of a P22 coat protein asymmetric 153 unit (PDB ID: 5UU5; [26] ), since phage L and phage P22 coat proteins are nearly identical,
154
with only four amino acid differences [17] . Upon initial docking, we found deviations between 155 the phage L capsid density and the P22 coat protein asymmetric unit. Therefore, to optimally 156 fit the cryo-EM density we built a model of the phage L coat protein lattice where each 7 accounted for during modeling; the R101H side chain is located in the spine helix pointing 162 towards the capsid interior, I154L is located in the A-domain towards the hexamer center,
163
M267L is in the I-domain, adjacent to but not interacting with Dec, and A276T in also located 164 in the I-domain but on the distal end pointing towards center of the hexamer ( Figure S2D ).
165
Overall, there were minor differences between the optimally fit P22 and phage L capsid 
169
Materials, Table S1 , for the complete measurements).
170
At lower resolution, the capsid-bound Dec trimer was previously found to have a 
181
The Dec protein fold was determined by first using homology modeling (see
182
Materials and Methods for details) followed by a fully atomistic refinement fit to the 183 segmented cryo-EM density using MD-based fitting ( Figures 1C, and S4 ). In brief, the N-
184
terminal domain was modeled using an OB fold (described in more detail below) and the C-
185
terminal domain with a three-stranded b-helix domain. The presence of an OB fold was
186
identified by homology and a template-based model was initially docked into the cryo-EM 8 density envelope. Studies using NMR also revealed an OB fold from Dec monomers, not 188 bound to the capsid (see NMR section below). The final trimeric Dec structure was refined 189 using MD-based flexible fitting within the cryo-EM density envelope, using the NMR 190 constraints to generate the final Dec structure.
191
The N-terminal domain of Dec (residues 10-88) was well defined by the cryo-EM 192 density, but residues 89-134 were predicted with a lower confidence owing to the flexibility 193 and lower resolution within that portion of the structure (Figures S3, S4 ). As we previously 
201
To further investigate the properties of Dec, we characterized the unassembled 202 protein in the absence of capsids by solution NMR. Initial NMR spectra of Dec at neutral pH 203 gave extremely broad lines, with poorer signals than expected for a 43 kDa trimer, which 204 was likely due to aggregation. We were able to achieve reproducibly good samples that 205 gave NMR spectra with sharper lines using a protocol [30] in which Dec is acid-unfolded by 206 lowering the pH to 2, followed by a refolding step induced by adjusting the pH to 4. 
230
The canonical OB-fold motif [24] is a five-stranded Greek Key b-barrel, comprised of 231 a b1-b3 meander and a b4-b5 hairpin, with an a-helix 'aOB' intervening between strands b3 232 and b4 (Figure 2A ). The five-stranded OB-fold b-barrel is closed by an antiparallel pairing 233 between strand b1 and b4, and a short parallel pairing between stands b3 and b5 [24] . In the
234
Dec structure the anti-parallel pairing of stands b1 and b4 is conserved, but strands b3 and 
242
and in Dec, the aOB helix extends almost directly between strand b3 and b5, with the helix 243 axis in the plane of the b1-b3 meander, rather than below this structure ( Figure 3B ).
244
As with many OB-fold proteins [36] , Dec has additional non-conserved elements of 245 secondary structure at the periphery of the conserved motif. The short strand b0 forms an 246 anti-parallel pair with the N-terminus of the OB-fold strand b1, and the helix aC extends 247 away from the last OB-fold strand b5 ( Figure 2C ). Outside of the folded globular part of the
248
Dec monomer structure, residues 1-11 and 90-134 are disordered ( Figure 2B ). Although 249 these segments were included in the NMR structure calculations, they have no defined 
253
Å for the OB-fold portion of the structure (residues 20-77) (Figure 3 , movie S1).
254
To further characterize the dynamics of Dec, we collected NMR 15 N-relaxation data
255
( Figure S5 ) and analyzed the dynamics of the monomeric protein in terms of the "Model-
256
Free" formalism. The local backbone mobility of the Dec monomers is summarized in Figure   257 4. The N-terminus from residues 1-11 and the C-terminus from residues 90-134 have small 
277
and our data suggests a highly charged binding interface ( Figure 5 ).
278
To assess the role that specific coat protein surface residues play in modulating Dec 
286
None of the amino acid substitutions affected virion production; phages assembled with 287 each coat protein variant were grown to high titer and and were phenotypically 288 indistinguishable from the parental phage.
12
We noted that coat proteins occupying different local conformations (as a result of 290 the quasi-equivalent capsid lattice) contribute different residues to the binding interface
291
( Figure 5A , Movie S3). For example, residues E81, P82, and R299 from the coat protein
292
subunits that form the quasi-three-fold symmetry axes (grey subunits in Figure 5 ) contact
293
Dec, whereas residues P322 and E323 contact Dec from adjacent and overlapping coat 294 protein subunits (black subunits in Figure 5 ). 
304
Therefore any changes in Dec occupancy in the variants are likely due to a disruption of the 305 binding interface, rather than protein folding aritfacts.
306
Among the five coat protein changes, coat amino acid substituions E81R and E323R 
316
The close contact region between Dec and coat can be thought of as including two 317 binding sites. One includes coat residues E81 and P82 along with their closest interacting
318
Dec residues K30, Y31 and Y49 ( Figure 5D , "site 1"). For example, Dec residue Y49 is 319 pointed directly towards the side chain of coat residue E81. The other patch includes Dec 320 residues Y71 and E73 and coat residues P322, E323 and R299 ( Figure 5D , "site 2" Figure 1A ).
380
To function in a stabilizing capacity, decoration proteins must bind capsids with high 381 enough affinity to remain associated even under harsh environmental conditions. 
413
unlike gpD, our data indicates that the Dec N-terminus remains rather flexible in the capsid-
414
bound form since there is (1) no cryo-EM density that is attributable to the first 10 residues,
415
(2) our previous cryo-EM data show the N-terminus of 
503
Even if only part of a capsid protein copy was needed to cover the map, the entire protein 504 was retained so that some capsid proteins extended beyond the volume covered by the 505 density map. To obtain an initial structure, the entire capsid complex was fitted via rigid-body 506 docking to the density map using UCSF Chimera [60] .
507
The initial model for Dec was assembled in multiple stages. Secondary structure 508 prediction for the Dec sequence suggests a predominantly β-sheet structure with some α- 
528
After initial optimization of the N-terminal part of Dec, the N-terminus was extended
529
to residue 1 using an extended chain, a linker was added to cover residues 89-92, and a 
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TABLES AND FIGURE LEGENDS
827 Tables: 828 
913
We generated models for nine complete asymmetric units in order to completely fill the cryo-
914
EM density of one eighth of the total capsid ( Figure S2 A-C). Figure S2 indicates where 915 each of these asymmetric units are located and corresponds to the data in Table S1 . We
37
carried out the same analysis with respect to the P22 structure based on the PDB structure 917 (5UU5). Table S1 ). We carried out the same analysis with 
919
951
green, or rainbow colored to highlight the OB fold. In the N-terminal OB fold region, the 952 resolution of the map is much higher (ranges 3.8 -4.5 Å) than the b-helix. We were able to 953 reliably fit side chains into the majority of the N-terminal density envelope (residues 10-88).
954
The 
978 979
Supplementary Movies
981
Movie S1
982
Comparison of cryo-EM Dec trimer (grey) overlaid with the top ensemble structures from
983
NMR.
985
Movie S2
986
View of the segmentation and fitting process for a quasi-three fold axis of the phage L map.
987
Segmented Dec density is shown in cyan and the segmented coat protein density is shown 
